Interaction-driven metal-insulator transitions or Mott transitions are widely observed in condensed-matter systems. In multi-orbital systems, many-body physics is richer in which an orbital-selective metal-insulator transition is an intriguing and unique phenomenon. Here we use first-principles calculations to show that a magnetic transition (from paramagnetic to long-range magnetically ordered) can simultaneously induce an orbital-selective insulator-metal transition in rock-salt ordered double perovskite oxides A 2 BB O 6 where B is a non-magnetic ion (Y 3+ and Sc 3+ ) and B a magnetic ion with a d 3 electronic configuration (Ru 5+ and Os 5+ ). The orbital selectivity originates from geometrical frustration of a face-centered-cubic lattice on which the magnetic ions B reside. Including realistic structural distortions and spin-orbit interaction do not affect the transition. The predicted orbital-selective transition naturally explains the anomaly observed in the electric resistivity of Sr 2 YRuO 6 . Implications of other available experimental data are also discussed. Our work shows that by exploiting geometrical frustration on non-bipartite lattices, novel electronic/magnetic/orbital-coupled phase transitions can occur in correlated materials that are in the vicinity of metal-insulator phase boundary.
energies [15] , different p-d hybridization [16] and/or different band degeneracies [17] .
In this work, we use first-principles calculations to introduce a new approach to induce orbital-selecitve insulator-metal transition in multi-orbital systems. We show that in a multi-orbital Mott insulator with its magnetic ions residing on a non-bipartite lattice, the occurrence of long-range magnetic ordering can drive electrons on one orbital into a metallic state while leaving electrons on other orbitals insulating. The orbital selectivity originates from 'geometrical frustration' of non-bipartite lattices, which enforces some magnetic moments to be ferromagnetically coupled in an antiferromagnetic ordering. an antiferromagnetic state. We note that if nearest-neighbor exchange is antiferromagnetic in nature, it is impossible to have a 'complete' antiferromagnetic ordering on a fcc lattice in which each pair of nearest-neighbor magnetic moments is antiferromagnetically coupled because fcc lattice has 'geometrical frustration' [18, 19] . Instead a so-called type-I antiferromagnetic ordering is widely observed in ordered double perovskite oxides [20] [21] [22] [23] [24] [25] [26] [27] .
This ordering is shown in panel c, in which magnetic moments alternate their directions between adjacent atomic planes along the z axis. Mathematically the magnetic moment configuration is characterized by an ordering wave vector Q = 2π a (001) where a is the lattice constant. Our first-principles calculations show that ordered double perovskite oxides which contain magnetic Ru 5+ and Os 5+ ions are promising candidate materials which are Mott insulators in high-temperature paramagnetic state but undergo the aforementioned orbitalselective insulator-metal transition as the type-I antiferromagnetic ordering occurs at low temperatures. Experimental evidence for this transition and implications of other available experiment data will be discussed. The computational details of our first-principles calculations are found in the Methods Section. [20] [21] [22] [23] [24] [25] [26] [27] . For clarity, we first study Ba 2 YRuO 6 as a representative material. We discuss other four materials in the section Discussion. Ref. [20] shows that Ba 2 YRuO 6 crystallizes in a cubic F m-3m structure (space group No. 225) and retains F m-3m symmetry from room temperature down to 2.8 K (below T N ). The change in lattice constant due to thermal expansion is very small (< 0.15%). Experimentally, it is found that Y 3+ and Ru 5+ site mixing is negligible or at most very low (about 1%) [20] because the size difference between Y 3+ and Ru 5+ is significant (0.260Å), which stabilizes the ordered structure [29] . Our calculations use its experimental low-temperature ordered structure (the details are shown in the Supplementary Materials). 
I. RESULTS

A. Spectral functions
We show in Fig. 2 We first note that the transition shown in Fig. 2 is opposite to Slater transition [31, 32] . While both transitions are driven by antiferromagnetic ordering, in Slater transition a gap is opened in a paramagnetic metal with the occurrence of antiferromagnetic ordering, while Fig. 2 shows that the appearance of antiferromagnetic ordering closes the gap of a paramagnetic insulator and induces a metallic state.
Second, we show that the gap closing has nothing to do with charge transfer between Ru 5+ and Y 3+ ions [33, 34] . In Fig. 3 , we show the spectral functions of Ba 2 YRuO 6 in a larger energy window. In addition to total and Ru t 2g projected spectral functions, we also 
B. Orbital-selective transition
In this section, we show that the gap closing in Ba 2 YRuO 6 is driven by the orbitalselective insulator-metal transition as we mentioned in the Introduction. Fig. 4 is the key result, in which we decompose the spectral function of Ba 2 YRuO 6 into three Ru t 2g orbital projections, in the paramagnetic state and in the type-I antiferromagnetic state (the ordering wave vector Q = 2π a (001)). We can see that in the paramagnetic state, three Ru t 2g orbitals have identical projected spectral functions due to cubic symmetry. A small Mott gap is opened up in the paramagnetic state. However, in the type-I antiferromagnetic state, three of nearest-neighbor Ru pairs.
The Ru magnetic moments that are parallel single out a plane and the Ru t 2g orbital that lies in the plane (rather than out of the plane) undergoes an insulator-metal transition. For example, in Fig. 5a , the ordering wave vector Q = 2π a (001) and the parallel Ru magnetic moments single out xy plane. Together we show an iso-value surface, which is the spinresolved (orange and green) integrated local spectral function around the Fermi level [35] .
The shape of the iso-value surface clearly indicates that the many-body density of states close to the Fermi level has a d xy character, which is consistent with Fig. 4 . In Fig. 5b and c, we repeat the calculations with different ordering wave vectors Q = 2π a (010) and 2π a (100). As we change Q, the states at the Fermi surface show d xz and d yz orbital character, respectively. This partial 'ferromagnetic coupling' in the type-I antiferromagnetic ordering is the key to explain the orbital-selective insulator-metal transition. In Fig. 5a , the Ru magnetic moments are ferromagnetically coupled in the xy plane and antiferromagnetically coupled in the xz and yz planes. The largest hopping matrix element for Ru d xy orbital is the one in the xy plane between the Ru nearest-neighbors. In the xy plane, the parallel Ru magnetic moments facilitate scattering upon excitation and thus increase coherence and band width for Ru d xy orbital [36, 37] . If the band width is large enough, the Mott gap is closed for the Ru d xy orbital, which is exactly what Fig. 4b1 shows. Similarly, for Ru d xz (d yz ) orbital, the largest hopping matrix element is the one in xz (yz) plane, but in that plane the Ru t 2g magnetic moments are anti-parallel, which hinders scattering upon excitation and thus decreases band width and further increases band gap [36, 37] . We note in Fig. 4 (100)). We emphasize here that because both paramagnetic state and antiferromagnetic state in Fig. 4 are calculated at the same low temperature, it indicates that the occurrence of type-I antiferromagnetic ordering is the driving force to induce the orbital-selective insulator-metal transition. 
C. Electric conductivity
A direct consequence of the electronic structure shown in Fig. 4 is anisotropic transport properties of Ba 2 YRuO 6 in a type-I antiferromagnetic state. We calculate electric conductivity using DFT+U method within linear response theory and semi-classical approximation framework [38, 39] . We explain that for long-range magnetically ordered states, because the self-energy is small and its frequency dependence is weak, DFT+DMFT and DFT+U methods yield very similar results.
In DFT+U method, electric conductivity origins from intra-band transitions, which can be calculated from band structure. Using linear response theory and semi-classical approximation, we have [38, 39] :
where f ( ) is the Fermi-Dirac distribution, α, β = x, y, z and τ is the relaxation time.
Note that τ is not directly calculated by DFT+U method, but is treated as a parameter.
Our calculations find that the off-diagonal components of electric conductivity vanish due to crystal symmetry (Ba 2 YRuO 6 has a F m-3m structure but not to σ zz . Our calculations find a finite electric conductivity σ xx = σ yy (see Fig. 6 ) and a vanishing electric conductivity σ zz = 0.
D. Magnetic energetics
We have shown that an orbital-selective insulator-metal transition can occur in ordered double perovskite Ba 2 YRuO 6 as the material transitions from the paramagnetic state into the type-I antiferromagnetic (AFM) state with decreasing temperatures. While type-I AFM ordering has been observed in experiment (see Table I ), as a self-consistent check, we cal- and we refer to it as type-II AFM) [35] . We use DFT+U method (with the same U Ru and J Ru ) to calculate the energy difference between these magnetic orderings because technically i) DFT+U method can calculate larger systems than DFT+DMFT method (we need an 80-atom cell to calculate type-II antiferromagnetic ordering [40] ); ii) DFT+U method can achieve much higher accuracy than CTQMC-based DFT+DMFT method [41] . Due to the quantum Monte Carlo nature of CTQMC algorithm, the accuracy we can obtain from DFT+DMFT method is on the order of 10 meV per cell.
DFT+U method can converge a total energy of 1 meV per cell accuracy or even higher. In Our results are consistent with the experimental measurements [20] [21] [22] .
We note that the fcc lattice on which the magnetic ion Ru resides has 'geometrical frustration', therefore complicated magnetic orderings (non-collinear and/or non-coplanar etc.) are possible in the ground state [28, 42, 43] . However, at finite temperatures, by the mechanism of 'order by disorder', collinear magnetic orderings are favored by thermal fluctuations [18, 19] and collinear type-I AFM ordering is indeed observed in experiments [20] [21] [22] . In our current study, it is the first long-range magnetic ordering which emerges from a paramagnetic state that is relevant to the orbital-selective insulator-metal transition.
E. Spin-orbit interaction
We notice that Ru has 4d orbitals and spin-orbit (SO) interaction plays a more pronounced role in 4d and 5d magnetic ions than 3d magnetic ions. In this section, we discuss whether spin-orbit interaction may affect the magnetically-driven orbital-selective insulatormetal transition.
We note that currently DFT+DMFT+SO method is not feasible in multi-orbital systems because spin-orbit interaction induces an intrinsic sign problem in the CTQMC algorithm [41] . But we find that in the antiferromagnetic (AFM) ordered state, the frequency dependence in the self energy is much weaker than that in the paramagnetic state [35] .
This indicates that Hartree-Fock approximation is as good as DMFT to describe the AFM ordered state. Therefore we compare DFT+U and DFT+U +SO methods.
In the presence of spin-orbit interaction, spin is directly coupled to crystal lattice. In (Fig. 4) . This result is in fact not surprising because in the current study, the magnetic ions of double perovskite oxides have a d 3 configuration. Due to Hund's rule, the three electrons fill three t 2g orbitals and form a spin S = 3 2 state. The orbital degree of freedom is completely quenched and the system is presumably well described by a spin-only Hamiltonian [28, 43] . Therefore including spin-orbit interaction does not significantly change the electronic structure, as is shown in Fig. 7 .
F. Phase diagram with Hubbard U
In the previous sections, we use a single value of Hubbard U Ru to perform all the calculations. Now we discuss the phase diagram as a function of Hubbard U Ru with J Ru fixed at 0.3 eV, calculated by DFT+DMFT method. We find that there are two critical values of Hubbard U (see Fig. 8 ): i) as U > U c1 , both the high-temperature paramagnetic state (PM) and the low-temperature type-I antiferromagnetic state (AFM) are insulating; ii) as U < U c2 , both the high-temperature PM and low-temperature AFM states are metallic and iii) as U c2 < U < U c1 , the high-temperature PM state is insulating and the low-temperature AFM state is metallic. It is precisely in the region of U c2 < U < U c1 that the magnetically-driven orbital-selective insulator-metal transition can occur at the magnetic critical temperature T N . For Ba 2 YRuO 6 , we find U c1 = 3.2 eV and U c2 = 1.5 eV. While the accurate value of
Hubbard U for Ru is yet to be determined, the range set by U c1 and U c2 is achievable for a 4d transition metal ion. We also note that Fig. 8 shows two types of phase transition.
One is the AFM-metallic to AFM-insulating transition on the Hubbard U axis (at low tem- 
II. DISCUSSION
We have provided a comprehensive study on the magnetically-driven orbital-selective insulator-metal transition in Ba 2 YRuO 6 in the section Results. However, the transition is not unique to Ba 2 YRuO 6 ; it is general to ordered double perovskite oxides with one d As U < U c2 (blue part), both high-temperature PM and low-temperature type-I AFM states are metallic. As U c2 < U < U c1 , high-temperature PM state is insulating and low-temperature type-I AFM state is metallic. The critical values of U c1 and U c2 (in unit of eV) are (3.2, 1.5) for and OsO 6 oxygen octahedra, metal-oxygen-metal bond angle is smaller than that in a cubic structure [48] . This results in reduced hopping and therefore the critical Hubbard U c1 and U c2 for all three double perovskite oxides are smaller than those for Ba 2 YRuO 6 . We note that while in our calculations there is uncertainty about the accurate value of Hubbard U on transition metal ions (Ru 5+ and Os 5+ ), different 'iso-electronic' materials (see Table I) provide a fairly large range of U in which the predicted transition can occur (shown in Fig. 8 ).
Next we turn to available experimental data. Magnetic properties of the five materials listed in Table I However, as the temperature further decreases, ρ ab of Sr 2 YRuO 6 undergoes a second phase transition from an antiferromagnetic metal to an antiferromagnetic insulator [26] .
According to the authors of Ref. [26] , the second phase transition arises from the fact that Dzyaloshinskii-Moriya interaction (DM-interaction) cants Ru spins and induces weak ferromagnetism, which eventually reopens the gap.
The second phase transition is interesting by itself and deserves further investigation, but is outside the scope of our current study. In our calculations, we consider type-I antiferromagnetic state (no weak ferromagnetism) in all material candidates.
Because Sr 2 YRuO 6 has a distorted structure and the presence of DM-interaction complicates the analysis of transport measurements, we suggest that a very similar compound Ba 2 YRuO 6 is a cleaner system to observe our predicted phase transition. Ba 2 YRuO 6 has a cubic structure (space group F m-3m) and inversion symmetry of F m-3m space group forbids DM-interaction. Without the second phase transition, ρ ab should show a turning-point at T N (this has already been observed in Sr 2 YRuO 6 ) and then monotonically decrease with decreasing temperatures.
Another cleaner material candidate is probably Ba 2 ScRuO 6 , which also crystallizes in a F m-3m structure. Ref. [23] shows that in double perovskite Ba 2 ScRuO 6 , a double-kink feature is observed in its magnetic susceptibility, which indicates two ordering temperatures (T N = 31 and 44 K). However, only one peak is observed in its heat capacity, which corresponds to the higher ordering temperature. The origin of the transition at the lower ordering temperature is not clear. A measurement of low-temperature electric resistivity for Ba 2 ScRuO 6 is desirable, which will probe the predicted orbital-selective transition and may help unlock the puzzle of two ordering temperatures.
Finally, we mention that in order to observe the transition, we need the material to lie close to the metal-insulator phase boundary in the paramagnetic state (but still on the insulating side). The origin of the transition arises from 'geometric frustration' of a fcc lattice, which enforces some magnetic moments to be ferromagnetically coupled in an antiferromagnetic ordering.
The orbital-selectivity is associated with the ordering wave vector Q of type-I AFM state.
We hope our study can stimulate further experiments to provide more compelling evidence for the predicted electronic phase transition in ordered double perovskite oxides that contain 4d and 5d transition metal ions.
IV. METHODS
We perform first-principles calculations by using density functional theory (DFT) [49, 50] plus Hubbard U correction (DFT+U ) [51] , DFT plus Hubbard U correction and spin-orbit interaction (DFT+U +SO) [52] and DFT plus dynamical mean field theory (DFT+DMFT) [53] . Both DFT+U and DFT+U +SO methods are implemented in the Vienna Ab-initio Simulation Package (VASP) [54, 55] . In DMFT method, a continuous-time quantum Monte Carlo algorithm (CTQMC) [56] is used to solve the impurity problem [41] .
The impurity solver was developed by K. Haule's group at Rutgers University [57] . In DMFT calculations, both paramagnetic and antiferromagnetic states for all material candidates are computed at a temperature of 116 K. Convergence of key results is checked at 58 K and no significant changes are observed in electronic structure.
For long-range magnetically ordered calculations using DFT+U , DFT+U +SO and DFT+DMFT as well as paramagnetic calculations using DFT+DMFT, a non-spin-polarized exchange correlation functional is used in the DFT component [58, 59] . The spin symmetry is broken by the Hubbard U and Hund's J interactions.
Electronic structures are calculated using DFT+DMFT method. Magnetic energy dif-ferences are calculated using DFT+U method and effects of spin-orbit (SO) coupling are studied by using DFT+U +SO method.
In the DFT part, we use generalized gradient approximation with Perdew-BurkeErnzerhof (PBE) parametrization [60] for the exchange correlation functional. For DFT+DMFT calculations, the correlated metal d orbitals and the oxygen p orbitals are constructed using maximally localized Wannier functions [61] . As for the interaction strengths, we first use one set of interaction parameters U Ru = 2.3 eV and J Ru = 0.3 eV to show the representative electronic structure and then study Hubbard U dependence. We show that the transition we predict can occur in a range of interaction strength for all candidate materials. We note that recent calculations of SrRu 2 O 6 [62] [63] [64] show that for a t 2g -p model, U Ru is about 5 eV from constrained random-phase-approximation (cRPA) [63, 64] , which is larger than the upper limit U c1 below which our predicted transition can be observed. However, the "kink" observed in the resistivity of Sr 2 YRuO 6 indicates that the antiferromagnetic ordered state of Sr 2 YRuO 6 exhibits metal-like behavior around T N , implying that the interaction strength U Ru in Sr 2 YRuO 6 might be smaller than that in SrRu 2 O 6 probably due to different crystal structure, or single-site DMFT method with a cRPA value of interaction strength may favor the insulating phase. This deserves further study in future work.
In DFT+U , DFT+U +SOC and DFT+DMFT calculations, we use a charge-only exchange correlation functional (i.e. not depending on spin density) in the DFT component.
A charge-only double counting is also used in all methods. Previous works show that this choice can avoid an unphysically large exchange-splitting in spin-dependent exchange correlation functionals [58, 59, 65] .
More computational details are found in the Supplementary Materials.
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